The properties of copper conductive layers electroplated from a copper hexafluorosilicate electrolytic solution have been studied. The observed resistivity is in the region of 2.9 ⍀ cm for an as-deposited copper layer electroplated from a conventional copper sulfate electrolytic solution. By electroplating from a copper hexafluorosilicate electrolytic solution on a low stress seed layer, a copper conductive layer with a larger grain size and lower stress can be obtained. A resistivity of 1.85 ⍀ cm can be attained for such an as-deposited layer. This resistivity is much lower than the 2.8 ⍀ cm of other as-deposited layers by conventional copper electroplating.
Electroplated copper layers have been used extensively for the manufacture of conductive layers in very large scale integrated circuits ͑VLSIs͒. A lower sheet resistance conductive line cannot always be manufactured when thick Ta and tantalum nitride ͑TaN͒ barrier layers are employed. 1, 2 Although the resistivity of bulk copper is around 1.7 ⍀ cm, the resistivity of thin and narrow copper interconnection lines, specifically at linewidths below 0.2 m, is not as low as expected and is close to that of a conventional aluminum layer. Such a high sheet resistance may be due to the higher stress that is applied to the layer when Ta and TaN diffusion barrier layers are employed. 3 Grain growth is suppressed markedly in copper layers electroplated onto these highly stressed seed layers deposited on Ta and TaN barrier layers. Since an enhancement of device speed can be achieved by reducing the capacitance resistance ͑CR͒ delay time in multilevel copper interconnection layers in LSIs, the development of process technology to deposit a low resistivity copper layer is highly desirable. However, there have been no significant studies of how to reduce the resistivity or how to manufacture low resistance copper interconnection lines. This is because the resistivity of the copper layer is greatly affected by numerous other parameters, both directly and indirectly. These phenomena are so complicated and are correlated so closely with each other that the relationship between them has not been elucidated quantitatively.
Recently, it has been reported that higher stress is applied to a copper seed layer deposited on the Ta and TaN diffusion barrier layers conventionally used. Copper conductive layers with smaller grain size and high resistivity are electroplated onto such seed layers. 3 Generally, it is believed that the resistivity of the electroplated copper layer is determined mainly by impurities in the source materials and in the layers. However, this is incorrect, because a low resistivity copper layer can be deposited from same electrolytic solution onto a low stress seed layer, deposited onto TaSiN barrier layers. 4 Low stress seed layers also can be formed from the highly stressed layers deposited on Ta and TaN barrier layers by agglomeration. 3 It has been strongly believed that grains of Cu͑111͒ can be grown and the resistivity decreased simply by performing annealing, even if a high resistivity and low ͑111͒ oriented copper layer has been deposited. However, this concept is not always correct. Lower resistivity and highly ͑111͒ oriented copper conductive layers cannot be formed from this layer after waiting for a year. 5, 6 Low resistivity and highly ͑111͒ orientation cannot be controlled by varying the electroplating conditions. 7 Recently it has been shown that low stress and low resistivity conductive layers can be electroplated from a newly developed electrolytic solution of copper hexafluorosilicate. 8 However, reduction of the resistivity has not been studied for this electroplating layer. This paper describes the electroplating of low resistivity copper layers by employing a copper hexafluorosilicate electrolytic solution on the high stress seed layer. A lower stress seed layer was formed before the electroplating by agglomeration from a highly stressed layer deposited onto a TaN barrier layer.
Experimental
30 nm thick TaN barrier layers were deposited on top of silicon dioxide layers by reactive sputtering. The composition ratio of the Ta and N was controlled to 1:1. A copper seed layer ͑30 nm thick͒ was deposited onto this barrier layer and was annealed for 10 min at different temperatures ranging from 200 to 400°C. Electroplating of a 300 nm thick copper layer was carried out on these seed layers with different stresses using both copper sulfate and the newly developed copper hexafluorosilicate electrolytic solutions. 8, 9 Current density and temperature were maintained at 1 A/m 2 and 23°C, respectively, throughout this electroplating process. The stress in these layers was determined quantitatively by the shift of the X-ray diffraction ͑XRD͒ spectra of the Cu͑111͒. The grain size was also obtained from the full width at half-maximum of this spectrum.
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Results and Discussion
It has been supposed that the resistivity of a copper layer is determined mainly by the impurity concentration in the layer. However, low resistivity copper layers could not be electroplated from a high purity copper sulfate electrolytic solution without additives. 9 We have reported that the resistivity of this layer varied widely by the stress and mode of grain growth. 5 A lower resistivity layer can be electroplated from an impure electrolytic solution including many additives on the low stress seed layer. 5 Grain growth and stress cannot be controlled by the conditions used for electroplating, but they can be controlled by the stress in the seed layer employed for electroplating. Therefore, the reduction of stress in the copper seed layer is important in electroplating low resistivity copper layers. The observed stress was as high as 44 MPa when a thin copper seed layer was deposited on a TaN barrier layer, as shown in Fig. 1 . By annealing these seed layers at temperatures ranging from 200 to 400°C, agglomeration occurred at the Cu/TaN interface and this layer changed to a low stress seed layer. These stress variations are shown quantitatively in Fig. 1 . The stress decreased rapidly with increasing annealing temperature because stress is released at the interface by agglomeration at temperatures above 200°C. Figure 1 shows how the stress of this layer decreases to 30 MPa when it is annealed at 400°C. This variation with temperature showed that a low stress seed layer can be formed from a highly stressed seed layer deposited on a TaN barrier layer. However, the stress is still higher than the value of 20 MPa obtained for layers deposited on TaSiN barrier layers. 4 The surface morphologies for these seed layers annealed at different temperatures are shown in Fig. 2 . The surface morphology changed slightly and only small pits appeared with annealing at 200°C although the agglomeration occurred at the interface and the average stress decreased slightly as shown in Fig. 2a . The surface morphology changes markedly with the increase of annealing temperature to 300 and 400°C as shown in Fig. 2b and c. That is, density and depth of the pit increased with these annealings. However, these morphological changes are not consistent with the stress shown in Fig. 1 . This is due to both agglomeration and stress relaxation occurring at the interface of the 30 nm thick copper layer with the barrier layer.
Electroplating of 300 nm thick copper layers was performed using two different processes on the surface of these seed layers with different stresses shown in Fig. 2 . The correlation of the stress between the electroplated copper conductive layer and the seed layers is shown in Fig. 3 , where electrolytic solutions of copper sulfate ͑closed circles͒ and copper hexafluorosilicate ͑open circles͒ were used for the plating. Points 1, 2, 3, and 4 are the data for the layer deposited on the seed layer annealed at room temperature, 200, 300, and 400°C, respectively. A close relationship has been found between these stresses, as shown in Fig. 3 . That is, a low stress copper layer can be electroplated on a low stress seed layer as shown by point 4. It has been reported that the properties of an electroplated copper layer cannot be controlled by the electroplating conditions in a conventional electroplating process from a copper sulfate solution. 7 This figure also shows that a lower stress copper layer can be deposited by electroplating from a copper hexafluorosilicate electrolytic solution onto the same seed layer, as shown by the open circles in this figure. This stress is only weakly dependent on the stress in the seed layer compared with that in the layer deposited from copper sulfate solution. A stress of 16 MPa was attained in the electroplating layer from the copper hexafluorosilicate solution on the lower stress seed layer formed with an annealing at 400°C ͑point 4 in open circles͒. This stress is comparable with that in the copper conductive layer deposited on the copper seed/TaSiN barrier layer. 4 Such a low stress layer can be deposited by uniform nucleation at the surface of the low stress seed layer. 3 Reaction of the seed layer with the electroplating solution also can be suppressed in this electroplating. 11 This result shows that the stress in this layer can be reduced by decreasing the stress in the seed layer and the deposition of low stress layer can be achieved by the deposition employing a copper hexafluorosilicate solution.
The resistivity of the electroplated copper conductive layer is determined mainly by the grain growth and by the stress. 5 The grain size was determined from the XRD spectra and is shown in Fig. 4 as a function of stress. Grain size increased with decreasing stress in these electroplated copper layers as seen in Fig. 1 . Large and small grains could be grown in the layers deposited from the copper hexafluorosilicate and copper sulfate solutions. The grain size increased rapidly in the layers deposited from the copper hexafluoro- silicate and more slowly in the layers deposited from the copper sulfate solutions, respectively. The largest grain size of 44 nm was attained in the layer when the stress decreased to 16.5 MPa as given by point 4 in Fig. 4 . This figure shows that larger grains are grown when electroplating a copper layer from copper hexafluorosilicate onto a low stress seed layer.
We observed the resistivity for copper layers deposited using two different chemicals on different seed layers. The resistivity is shown in Fig. 5 as a function of grain size, where the open and closed circles are the data for layers from the copper hexafluorosilicate and copper sulfate solutions, respectively. Resistivity decreased with increasing grain size. The resistivity data are separated into two groups, namely, smaller grain size and higher resistivity electroplated from copper sulfate solutions, as given by the closed circles and larger grain size and lower resistivity layers from copper hexafluorosilicate given by the open circles in this figure. The resistivity for as-deposited copper conductive layer was as high as 2.9 ⍀ cm in a typical layer deposited on the high stress seed layer, as shown by point 1 for the closed circles in Fig. 5 . A close relationship was found between the resistivity and the grain size in this copper conductive layer. That is, the resistivity decreased rapidly from 2.9 to 2.1 ⍀ cm with increasing grain size from 22.5 to 30.5 nm, as shown by the closed circles for the layers electroplated from the copper sulfate electrolytic solution, as shown by point 4 of the closed circles. This resistivity in the as-deposited copper layer is much lower than that of 2.9 ⍀ cm in a layer deposited by conventional copper sulfate solution. However, layers with larger grain size and lower resistivity were deposited by electroplating from a copper hexafluorosilicate solution. The resistivity is only weakly dependent on the grain size in this layer, as shown by the open circles. The resistivity of 1.85 ⍀ cm at point 4 shown by the open circles is the lowest among the as-deposited copper layers. It has been shown that nucleation of the copper electroplating occurs uniformly on the surface of seed layer by this electroplating. Reaction of the copper seed layer with the electrolytic solution can be suppressed markedly in this electroplating.
11 Low resistivity, around 1.7 mW cm, can still be attained in thick copper layers, above 500 nm, after annealing.
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Conclusions 1. The deposition of low resistivity copper conductive layers was studied. The resistivity was 2.9 ⍀ cm in the as-deposited copper layers when deposited by a conventional electroplating process on the high stress seed layer. The resistivity is affected to a high degree by the grain growth and stress in this layer. These can be controlled mainly by the stress in the seed layer.
2. Stress in the copper seed layer is controlled by agglomeration and by the barrier layer. The stress was 44 MPa when the layer was electroplated on the as-deposited seed layer by copper sulfate. This stress decreased rapidly due to agglomeration when annealing was performed and reached 30 MPa when annealing took place at 400°C. Larger grain size and lower stress were obtained when a copper seed layer was electroplated on a low stress seed layer.
3. When a copper layer was electroplated from a conventional copper sulfate electrolytic solution, the resistivity was 2.9 ⍀ cm. This resistivity decreased with increasing grain size and reduction of the stress by reducing the stress in the seed layer with annealing at 400°C. A resistivity of 1.85 ⍀ cm was obtained in an as-deposited copper layer by this electroplating process from a copper hexafluorosilicate solution on a low stress seed layer. Variation with grain size of resistivity in electroplated copper conductive layers ͑as-deposited͒, where 300 nm thick copper layers were electroplated onto seed layers with different stresses from copper sulfate (CuSO 4 ) and copper hexafluorosilicate electrolytic (CuSiF 6 ) solutions. Here, 1, 2, 3, and 4 are the data for copper layers electroplated onto different seed layers formed by annealing at room temperature, 200, 300, and 400°C, respectively.
